Abstract. We use the aerosol assimilation procedure described by Collins et al. [2000] to help explain INDOEX aerosol distributions. The procedure combines modeled aerosol with AVHRR satellite estimates. The result is consistent with satellite measurements, regular in space and time, and provides information where retrievals are difficult (over land, coincident with clouds, and at night). Extra information on aerosol composition, vertical distribution, and region of origin is also produced. Carbonaceous, sulfate, and sea salt aerosols agree with the in situ measurements to 10 -20%. Carbonaceous aerosols were estimated to be the dominant contributor (36%) to the aerosol optical depth (AOD); dust (31%) and sulfate (26%) were also important. The residence time for sulfate and carbon is ϳ7 and ϳ8 days respectively, longer than globally averaged residence times of many modeling studies. Thus aerosols produced here during the winter monsoon may have a larger climate impact than the same emissions occurring where the residence time is shorter. Three points of entry are found for anthropogenic aerosol to the INDOEX region: a strong near surface southward flow near Bombay; a deeper plume flowing south and east off Calcutta and a westward flow originating from southeast Asia and entering the Bay of Bengal. All three plumes are strongly modulated by a low-frequency change of meteorological regime associated with the Madden Julian Oscillation. The analysis suggests that India is the dominant source of aerosol in the Arabian Sea and Bay of Bengal near the surface but that Asia, Africa and the rest of world also contribute at higher altitudes. India and Asia contribute ϳ40% each to the total column mass of air reaching the Maldives, the balance of air comes from other source regions. The assimilation procedure produces an analysis that is a synergy in information about aerosols, that is not easily accessible by independent estimates from remote sensing, in situ measurements, or global transport models by themselves.
Introduction
Aerosols have a strong influence both on the terrestrial climate and on society. Aerosols modulate the Earth's radiation balance directly by scattering and absorbing incoming radiation [Charlson et al., 1992] . By serving as cloud condensation nuclei, aerosols influence the number and size of cloud droplets. This process can effect cloud radiative properties [Twomey, 1974] and the lifetime and precipitation properties of clouds [Albrecht, 1989] . Aerosols act as surfaces where important reactive photochemistry takes place, both in the troposphere [Dentener et al., 1996; Andreae and Crutzen, 1997] and in the stratosphere [Hofmann and Solomon, 1989] . They are believed to fertilize ocean biota by the transfer of soluble nutrients from land to ocean [Martin, 1990] . Aerosols can also play a role in the health of biological organisms.
The most important aerosol species are thought to be composed of sulfate, carbon, mineral dust, sea salt, and nitrate. Aerosols are often observed to exist as mixtures of these species. While sources of mineral dust and sea salt are primarily natural in origin, the other species have both natural and anthropogenic sources. As human kind significantly changes the land surface properties, even mineral dust can be viewed as being anthropogenically influenced. In spite of intense study of the atmosphere's aerosol over the last 20 years, there are still large gaps and uncertainties in our knowledge about this important component of the Earth's climate system [Intergovernmental Panel on Climate Change, 1996] .
Observational studies have generally been restricted to particular regions (e.g., the Aerosol Characterization Experiment (ACE) program, and Eulerian Model Evaluation Field Study (EMEFS) for relatively short periods of time or single surface stations for much longer periods of time. The number of measurements made above the surface is much fewer. With the exception of a handful of sites [e.g., Hofmann, 1993] virtually all in situ upper tropospheric measurements have been made by aircraft campaigns lasting a few months at best. Retrievals of aerosol properties from operational and research satellites provide much better spatial coverage. However, many of the retrieved properties have large uncertainties related to free parameters in the retrieval procedure. The aerosol retrievals from the EOS Terra satellite should provide more aerosol parameters with lower uncertainty than is currently possible [King et al., 1999] . In contrast, global models [e.g., Tegen et al., 1997] provide continuous model estimates of aerosol distributions but are subject to large uncertainties in source strengths and parameterization of physical processes. The estimates from general circulation models provide at best statistical descriptions of the aerosol distributions, but these estimates are not consistent with a meteorological characterization for a precise time and place on Earth. They are statistical estimates intended to characterize a region for a generic time.
In the work of Collins et al. [this issue] we introduced a data assimilation procedure that employs a novel combination of satellite measurements and an aerosol simulation using a chemical transport model. The satellite data are used to adjust the aerosol fields in the model through an assimilation technique. The aerosol fields' evolution is driven by meteorological fields from a weather forecast center product. This procedure produces a global aerosol data set that is consistent with measurements but is "regular" in space and time. Where there are no measurements the aerosols are a combination of assimilated values introduced into the dataset upstream in space and time, and the values the model would predict in the absence of any observations. The assimilation identifies where the biases are largest and reduces those biases rapidly over the oceans adjacent to the source regions. The estimate is relevant to a precise place and time because the meteorology is constrained to agree with observations. The procedure can be used to produce an "aerosol forecast" where aerosol distributions are predicted some short time into the future (the meteorological specification comes from a combination of operational numerical weather prediction center analysis and forecast products), or an "aerosol analysis" where the distributions are not forecast into the future but represent an optimal estimate of the distribution for some period in the present or past.
The assimilation procedure was very successfully used during the INDOEX field phase to provide 24-and 48-hour forecasts. Real time and forecast versions of many of the products described here were used at that time for planning the deployment of the aircraft and for interpreting the in situ data. We will not focus on the forecast aspects the assimilation products but rather emphasize their use as a tool for understanding some of the processes which control the aerosol in the INDOEX region and interpreting the measurements made during the intensive field phase (IFP). The use of CTM products during the field campaign is discussed by M. G. Lawrence et al. (Photochemistry and plume transfer forecasts during the INDOEX 1999 field phase, submitted to Journal of Geophysical Research, 2000) .
The object of our discussion is to (1) provide a general context in which to understand the in situ measurements made at a specific location; (2) characterize the short-and long-term variability of the aerosol in the INDOEX region; and (3) identify strengths and weakness of the assimilation procedure and point toward areas of the procedure requiring improvement.
The methodology behind the analysis procedure and the sensitivity of the analysis procedure to assumptions about model and measurement errors, and our model's aerosol optical properties is described by Collins et al. [this issue] . We provide a brief review of the assimilation procedure in section 2 and a comparison to INDOEX observations in section 3. The interpretation of the aerosol analyses forms the bulk of the paper and is discussed in section 4. A summary is provided in section 5.
There is much room for improvement within the framework of our assimilation procedure, and the analysis here should be considered a first estimate. We discuss ways in which the analysis can be further improved in the summary of section 5.
Outline of Assimilation Procedure
Details of the assimilation procedure are provided by Collins et al. [this issue ], but here we repeat a few relevant points. The modeled aerosols include sulfate, mineral dust, carbonaceous, and sea salt aerosols. The model includes a detailed treatment of the sources, chemical transformation, and deposition processes for dust, sulfate, and carbonaceous aerosol species. The deposition parameterizations for dust were designed independently of the formulation used for sulfate and carbonaceous aerosols. Prescribed deposition velocities over land and ocean were used for dry deposition of sulfate and carbon. The formulation for sedimentation and turbulent deposition of dust are size dependent and more elaborate than that used for the sulfate and carbon species. Salt aerosols estimates are derived using an empirical relation between wind speed and concentration [Blanchard and Woodcock, 1980] . The aerosol fields' evolution is driven by meteorological fields from the operational aviation forecasts and analyses from the National Center for Environmental Prediction (NCEP) McNally et al., 1997; Derber et al., 1998; Caplan and Pan, 1999] . The model integration proceeds until the model time step matches the time of a satellite overpass and associated aerosol retrieval. The assimilation of aerosol retrievals involves a twostage process. Because the sea salt does not evolve using an predictive equation it is excluded from undergoing any adjustment procedure. First, the total column aerosol optical depth (AOD) is estimated from the model aerosol fields, and the non sea salt (NSS) component of the AOD estimated. The model state is then adjusted to minimize differences between the simulated NSS AOD and satellite retrievals of NSS AOD consistent with the uncertainties in the model and observations. The model then proceeds with the integration until the next assimilation.
The core of the system is the Model of Atmospheric Transport and Chemistry (MATCH) [Rasch et al., 1997, and references therein] . MATCH is a chemical transport model (CTM) that uses meteorological fields from another model to control the transport of atmospheric trace constituents. The model is flexible in terms of its ability to utilize meteorological fields from a variety of sources. The NCEP analysis employed for this study have a horizontal resolution of ϳ0.9Њ at the equator, with a vertical discretization of 28 sigma levels. In the INDOEX region the vertical levels are spaced ϳ100 m apart at the surface, spreading to 700 m apart at 3 km altitude, and ϳ1 km apart at 5 km altitudes. The fields from the 6-hourly analyses are alternated with 3-hour forecasts to give 3-hourly temporal resolution to the meteorological data. During INDOEX the analysis procedure was extended beyond the assimilation phase to run in "forecast mode" by using NCEP forecast fields ϳ60 hours beyond the time of the latest available analysis period.
Comparison to INDOEX Observations
The IFP of INDOEX took place in February and March of 1999. Its primary goals were (1) to help in the understanding of the significance of sulfate and other continent aerosols in global radiative forcing; (2) to assess the magnitude of solar absorption at the surface and in the troposphere; and (3) to understand the role of the intertropical convergence zone (ITCZ) in influencing the distribution of trace species in the atmosphere. INDOEX involved the cooperation of ϳ150 scientists from 10 countries. The region of focus was the Indian Ocean, Arabian Sea, and Bay of Bengal. The center of the field campaign was located in the southwest Arabian Sea in the country of the Maldives. Two ships, three aircraft, and two field stations served as in situ main measurement platforms for the field program. Additional information was gathered from a host of passive instruments located on satellites, and from a network of measurement sites in India, and some of the island countries of the region. The operations center was located at the Malé International Airport in the Maldives. A map of the region we identify as the INDOEX region is shown in Figure 1 , with some landmarks and features important to the subsequent discussion highlighted on the map.
The field program generated many interesting results and gathered an enormous amount of data that is currently being integrated. A brief description of the highlights of the experiment and first results is being prepared in a series of papers by V. Ramanathan (The Indian Ocean Experiment: An integrated assessment of the climate forcing and effects of the greater Indo-Asian haze, submitted to Journal of Geophysical Research, 2000) and J. Lelieveld et al. (The Indian Ocean Experiment: Chemical aspects, submitted to Science, 2001) . A dedicated issue of J. Geophys. Res. will also appear with detailed descriptions of the results at a later date. Collins et al. [this issue] showed an example of the agreement between the aerosol optical depth predicted by the aerosol product and an independent in situ measurement at the Kashidhoo Climate Observatory (hereafter KCO), located ϳ50 km north of Malé on the map of Figure 1 . The agreement is in fact good over a much larger region. Figure 2 shows the agreement between daily averages of the analysis estimate of AOD and measurements made with a Microtops Sun photometer on board the research vessel Ron Brown during the field program. The Ron Brown measured AOD over a very broad region during the IFP (the path is indicated by the dotted line in Figure 1 ). The agreement between the two estimates is high, with correlation coefficients of 0.77, RMS errors Ͻ0.07 and a mean error of ϳ0.02 between the assimilation product and the Sun photometer data. The largest discrepancy is seen at about March 1. During this time period the Ron Brown crossed the ITCZ, making a transition between clean (ϳ0.1 AOD) and dirtier (ϳ0.3 AOD) regimes. Both model estimates show a sharper transition than the Microtops observation in this region. The assimilation estimate is higher than the model estimate without assimilation, and this is generally closer to both the Microtops and AVHRR estimates.
AOD is a measure of the column integral of the aerosol mass influenced by the optical properties of each aerosol component. A more stringent evaluation can be made by comparing aerosol components at a particular altitude. Figure 3 compares estimates of aerosol concentrations on a component by component basis to filter samples from G. Cass, D. Savoie, and J. Prospero (personal communication, 1999) at KCO. Two model lines are displayed: the solid line shows the model simulation including the assimulation; the dashed line shows the model simulation in the absence of the assimilation procedure. The filter measurements used sector controlled sampling and are primarily representative of aerosol concentrations when the wind was blowing from the northeast sector. We did not sector sample the aerosol analysis product. The model products correlate very closely with the sea salt measurement at this island station. The correlation is also quite high for sulfate and total carbon (organic matter ϩ elemental carbon). Although the assimilation has clearly had some effect on the estimates of carbonaceous aerosol, it has not made an appreciable improvement. During the February 8 -12 time period the assimilated aerosol estimate is closer to the observed value than the unassimilated estimate; during February 17-20 the situation is reversed, with the estimate using the assimilation procedure overestimating the observations. At other times the two model estimates are comparable to the observations. The sulfate model estimate is compared to two independently measured sulfate estimates that overlap for ϳ4 days . The assimilation has clearly improved the estimates of sulfate mass. The assimilation estimate tends to agree with the measurements about as well as they agree with each other during the overlap period, so we believe the sulfate estimates are also close to the observation uncertainty of the measurements. Agreement is poor for the assimilated dust aerosol over the whole time period. On first glance the dust estimate without assimilation looks closer to the observations. However, an initial assessment (Prospero, personal communication) suggests that the "mineral dust" measurement is probably largely composed of fly ash, and ϳ40% of that is Ͼ1 m. Thus the natural component to the mineral dust category is probably smaller than the estimated 5-10 g/m 3 . A total of 90% of the dust mass in the model is Ͻ1 m, and the model mass is higher than that measured. The dust aerosol in the model represents true mineral dust, and not the fly ash byproduct. The modeled dust mass (with or without assimilation) is not strongly correlated with the measured mass and is probably a significant overestimate. Fortunately, because the specific extinction for dust is a factor of 3-10 lower than that of sulfate or carbon the overestimate does not dramatically effect the AOD. (We are aware of other problems in our dust representation that are mentioned later.)
Interpretation of INDOEX Aerosol Analyses
This section describes the aerosol analysis from three points of view:
1. Section 4.1 characterizes the aerosol optical properties averaged over the whole INDOEX time period. The analysis provides a description of the regional distribution of aerosols, the variation in composition with location, and the dominant sources and transport pathways for the aerosols.
2. Section 4.2 shows some of the dominant modes of aerosol transport during the IFP. These are a result of variations in the meteorological circulation, which have a consequent affect on the aerosol distribution for the INDOEX region.
3. Finally, in section 4.3 we focus our attention on specific points in the INDOEX domain to explain some of the features seen during the field campaign.
Time Mean Features
Plate 1 shows the spatial distribution of the estimated AOD. Most of the aerosol is concentrated in the Northern Hemisphere. The largest values are found over SE China where the anthropogenic sources of sulfur and carbonaceous aerosols are very strong (see discussion of Plate 2). A plume extends from this region south and west over Thailand and into the Bay of Bengal. Local maxima (exceeding 0.4) are also evident in the areas near Calcutta and Bombay which also have very strong emission of carbonaceous compounds and sulfate precursors. The southeastern part of the Arabian Sea is strongly influenced by emissions from India. We show later that the Bay of Bengal is influenced by emissions from both India and by SE Asia. Low aerosol optical depths (Ͻ0.15) are present south of 5S, approximately the latitude of the ITCZ.
The aerosol optical depth, column burdens, and sources and Plate 1. The geographic distribution of the total aerosol optical depth over the INDOEX time period.
sinks for the aerosols in the INDOEX region are summarized in Table 1 . We discuss the table in conjunction with Plate 2, which partitions the total AOD into component contributions by absolute amount (left column) and fraction of total (right column). The AOD in Table 1 is stratified according to land and ocean values (ϳ30% of the domain is occupied by land). The dust AOD is higher over land than ocean, reflecting its continental source; the ratio of AOD between land and ocean for the larger radii dust class is higher than for the smaller size category due to the rapid sedimentation and short lifetime of the larger sizes. Dust is the dominant aerosol over land within the INDOEX region but is not a large contributor over India, occurring primarily over Saudi Arabia, Iran, Afghanistan, and China (Plate 2). A higher AOD over land is also seen in Table  1 for the carbonaceous aerosol. Unlike dust, the carbonaceous aerosol is an important contributor to the AOD over India and SE Asia, and the carbonaceous aerosol is the largest contributor over ocean (comprising 30 -40% of the total AOD). The AOD land/ocean ratio for sulfate in Table 1 is close to unity. This is due to the more complex production mechanism for sulfate. SO 2 , the precursor for sulfate is oxidized relatively slowly via gas phase reactions, and much more rapidly via aqueous phase reactions within clouds [cf. Barth et al., 2000] . The clouds are much more prevalent over ocean than land in this region during the winter/spring time period. While the SO 2 is transported in the cloud-free regions over land, it is undergoing a relatively slow gas phase transformation to sulfate. As the SO 2 moves out over the ocean, it encounters cloud, where it is more rapidly transformed. In many parts of the world the clouds producing the sulfate undergo precipitation, and both SO 2 and sulfate are rapidly scavenged. In contrast, during INDOEX many of the clouds in the Bay of Bengal and Arabian Sea were trade cumuli, with little or no precipitation, that are not particularly efficient in the scavenging of any aerosol. The aerosol must reach the areas where significant precipitation is taking place before they will be rapidly scavenged. The total aerosol burden and sources and sinks of aerosol are also indicated in Table 1 . The largest contributor (75%) to the total aerosol mass is dust. As mentioned above, it is located primarily over the source regions, and because its specific extinction is a factor of 3-10 lower than that of sulfate or carbon, it does not dominate the aerosol radiative properties over the ocean region. Nevertheless, as mentioned in the discussion of Figure 3 , we believe the dust estimates are too high, and will not focus more attention on an analysis of the dust. The "physical" sources (emission, mobilization, or chemical production), physical sinks (dry and wet deposition, and export out of the region) and "assimilation" sources (accumulated tendency associated with the correction by the assimilation procedure) are also indicated in the table. Collins et al. [this issue] showed that the assimilation procedure acts as a source of aerosol to the INDOEX region. The assimilation source is less than 20% of the physical source for all of the aerosol and is always smaller than the physical sinks, indicating that it is important but not dominant in influencing the aerosol distribution in the regional average. We also calculate a residence time for each aerosol distribution over the INDOEX time period and domain, defined to be the burden divided by the sum of the physical and assimilation source (equivalently, the burden divided by the sinks). The time period is short, and the aerosol is not at a steady state, so that the sources and sinks do not balance precisely, but they are approximately in balance. (We note an unavoidable ambiguity in the definition of the residence time, because some of the terms (e.g., assimilation, and the transport in and out of the region) are a sink for aerosol in one region and source in another.) During the winter/spring monsoon (the dry season for this region) aqueous chemistry and wet scavenging are at a minimum compared to other times of the year. Dry deposition is the dominant removal mechanism for carbon, and is also very important for sulfate. Wet deposition is more important for sulfate because its production is favored in cloudy regions and this is where wet deposition can also take place. Because wet deposition rates are relatively low during the winter monsoon the anthropogenic aerosols are resident near the surface longer than at times when wet processes are important. The plumes of aerosol thus extend farther from source regions than they would when rain is more common. The residence time for sulfate and carbonaceous aerosol is 7 and 8 days, respectively. This is the reason why the aerosol concentration attained such high levels and extended over such a large domain during INDOEX. Table 1 and Plate 2 show individual contributions from each component are low, suggesting that a combination of aerosol components is needed to make the high AOD values found in the region. No one component contributes to very high AOD values often. The largest contribution over SE Asia arises from sulfate (ϳ30%) and carbonaceous aerosols (40 -60%). The primary contribution to the NE Arabian Sea is mineral dust. Over Africa, north of the equator, the largest contributions arise from carbonaceous aerosols and mineral dust. Carbonaceous aerosols and sulfate are both important in the area of primary interest for INDOEX (the Bay of Bengal, India, and Southern Arabian Sea). South of the ITCZ the primary contribution is from sea salt, which contributes 40 -60% of the total AOD.
The vertical profiles of aerosol concentrations over the INDOEX domain are displayed in Figure 4 . The sulfate and dust mixing ratios are relatively constant over the lowest 1 km of the atmosphere. Above that level mixing ratios drop substantially, decreasing by at least a factor of two over 2 km. Dust is more strongly stratified in the planetary boundary layer (PBL) than sulfate and carbon species, and has the highest mixing ratio. Sulfate and carbon species decrease in height at a rate somewhat faster than that characteristic of a 2-km efolding depth above the boundary layer. The dust e-folding depth is larger than 2 km. Sea salt burdens drop most rapidly with altitude of all species, a consequence of the prescribed profile following Blanchard and Woodcock [1980] and the 0.5 km scale height assumed above 500 m. The sea salt profile is not necessarily realistic for this region, and future simulations will assume the sea salt to be well mixed between 300 m and the top of the PBL (1-2 km).
Vertical profiles over land and ocean are shown in Figure 5 . Land profiles are more strongly stratified than over ocean, and land concentrations are typically a factor of 2-5 higher than over ocean. Dust is more strongly stratified over land than other species because larger particles are represented that have very short residence times. The deeper and more vigorous turbulent boundary layer processes over land leads to a somewhat deeper aerosol layer there, but the contrast between land and ocean is not as great as might be expected by comparing boundary layer depths over the two regimes because the aerosols produced over land are rapidly swept into the ocean regime and the residence time there is quite long.
The spatial distributions of the aerosols do vary strongly with altitude. Figure 6 shows the time-averaged aerosol components near the surface and at 2.5 km above the surface during the IFP. The spatial structures of carbon and sulfate aerosol are similar at both altitudes, reflecting the similar spatial structures of their source and removal mechanisms. Near the surface, a low-level plume of sulfate and carbonaceous aerosol extends off the southern end of the Indian subcontinent, over the Maldives, and west across the southern Arabian Sea. At 2.5 km the plume crosses the Arabian Sea farther north, and the maximum in the plume does not pass over the Maldives. The probability of plumes in these regions has also been noted by Krishnamurti et al. [1997] evident in dust concentrations. Highest concentrations at the surface are seen over Saudi Arabia, and largest values are restricted to the near vicinity of land masses. Maximum ocean values occur in the northwest Arabian Sea, and a smoother spatial structure is seen over ocean regions than the other modeled aerosol species. The correlation between salt concentration with other species is weaker than seen between other species. The AOD maximum from sea salt is located at 5-10S
and 80 -90E. The largest values in sea salt concentrations occur in the southwestern Arabian Sea, off the coast of Somalia (where surface winds are strongest), with a secondary maxima that correlates closely with that seen in the AOD. Because the vertical profile of sea salt is prescribed and its AOD is only a function of mass and relative humidity, it is likely that the high salt concentrations off the coast of Somalia do not show up in the AOD because of the low relative humidity in that region.
One can identify the region of origin of the air parcels occupying the INDOEX region through the use of a short lived species emitted at the surface. We use a set of "tagged radon" species to track the airmasses. The tagged radon is emitted uniformly over land masses from a particular region (Arabia, India, Africa, and Asia, and the rest of world (ROW), see Table 2 ) at a rate of 1 atom cm Ϫ2 s Ϫ1 , with an e-folding decay time of 5 days. Tagged radon species provide a somewhat different picture of airmass origin than do air parcel trajectory calculations because they are subject to the same subgridscale processes (boundary layer turbulence and convection) as the aerosols themselves, while the air parcel trajectory calculations typically are not. It is difficult or impossible to unambiguously subject a particle trajectory calculation to these processes, and for this reason they do not necessarily provide the same picture of the life cycle of air parcels that the tagged tracers do. In regions where air parcels are not strongly controlled by subgridscale processes (e.g., the upper troposphere and stratosphere), trajectory calculations will show the parcel origins more clearly than the tagged radon tracers, but air near the surface (particularly over land and near the marine boundary layer) is strongly effected by subgridscale processing. Figure 7 shows the time-averaged radon components originating from land masses adjacent to the INDOEX region at 100 m and at 2.5 km above the surface. The largest contributor to near surface air over the entire Arabian Sea is India. In the northern Arabian sea most of the air near the surface originates from Arabia, India, and the rest of world; very little air comes from Africa or Asia. Much of the surface air in the Bay of Bengal also originates from India; however, there is also a large contribution from Asia, and the Asian plume extends over the Maldives, where many of the measurements were made during INDOEX. Near the surface, a low-level plume of aerosol extends off the southern west end of the Indian subcontinent, over the Maldives, and west across the southern Arabian Sea. The tagged radon tracers suggest this plume is comprised primarily of Indian and Asian air. At the higher altitude (2.5 km), air of African origin makes a much larger contribution to the air in the Arabian Sea. The ROW radon is weak, and air from this region is not an important contributor at this altitude. Spatial structures of carbon and sulfate aerosol at 2.5 km in Figure 6 are virtually identical to the Indian radon of Figure 7 . At this altitude the Indian plume tends to show its strongest outflow from the Bombay/ Goa region, and it extends mostly westward. Note the radon is emitted uniformly over the whole Indian land mass and its spatial structure at 2.5 km is indicating where the coherent and persistent transport leads to this characteristic structure. Because the sulfate and carbon aerosols looks very similar to the radon at this altitude, we believe it is transport processes, rather than source distributions that control the sulfate and carbon aerosols most strongly. The maximum in the Indian plume does not pass over the Maldives but farther north. The Asian plume is weaker at 2.5 km but similar in structure to air near the surface.
Transient Features Seen During INDOEX
There are, of course, substantial temporal variations about the average values discussed in the previous section. The rootmean-square (RMS) deviation of AOD about the IFP mean over most of the oceanic regions is quite uniform, varying in the range of 0.05-0.1 (20 -40% of the mean signal). The lowest relative variability occurs in the polluted regions of the Northern Hemisphere. There is generally more variability over the Bay of Bengal (30 -40%) than over the southern Arabian Sea. The lowest relative variability is near the emission regions over the continents and highest variability in regions with low AOD.
To focus attention on a principle transient pattern, we have decomposed the AOD into a set of empirical orthogonal functions (EOFs) [e.g., Kutzbach, 1967] Here N ϭ 168 are the number of time samples (spaced 6 hours apart) over the IFP, w j 2 the volume weights represented by a cell value of f at location x j and time t i . We denote the corresponding eigenvalue of the EOF E m ( f ) as m 2 . EOF representations allow one to decompose a time-varying field into a set of orthogonal spatial structures, each of which is associated with a unique fraction of the squared variance given by m 2 /¥ i i 2 . These spatial structure are one way of characterizing the principle time varying patterns of a field (in this case, the AOD). The temporal variation of the projection of the EOFs on the field
. Following Saravanan and McWilliams [1997], we define the EOFs of a field f(x, t) as the eigenfunctions E m [ f](x) of the area-weighted covariance matrix defined by elements
are principal components and identify the time variation of the pattern within the field. We have calculated the EOFs of the AOD using a somewhat smaller domain (10S to 30N, 40E to 100E) than previously displayed to isolate the central INDOEX regime. The first EOF (Figure 8 ) explains ϳ18% of the total variance of the field (the second and third EOFs explain 10 and 7% of the variance respectively).
The spatial structure of the EOF (top panel) shows strong negative values running from northeast (the Calcutta/ Bangladesh region) to southwest across the southern half of India and extending out over the eastern Arabian Sea. There are corresponding positive regions in the northern Arabian Sea, and from Thailand extending westward into the southern Bay of Bengal, across Sri Lanka and over the Maldives. The maximum amplitude of the first EOF (in units of optical depth) is ϳ0.1 (the darkest regions). These patterns bear a resemblance to the time mean Asian and Indian radon features discussed in the previous section at 2.5 km, and the EOF may represent a long-term modulation of the time mean circulation from these source regions. The projection of the total AOD onto the EOF at any given time identifies the contribution of the spatial structure to the total AOD. The time variation of the first EOF is shown in Figure 8 (bottom). The pattern is initially positive, with an amplitude of ϳ1.5 during most of February. Thus, during this period of time aerosol from India is suppressed by as much as 0.15 AOD north of the Maldives, offshore of Goa. Aerosol from Asia is higher by an equal amount over the Bay of Bengal, and south and west of the Maldives. Most of the Maldives sit near the zero line of the EOF pattern, and this strong variation in the AOD would not be evident in measurements made at the principle field stations (KCO and Male). The pattern reverses sign in early March, and reaches approximately Ϫ1.5 by about March 8. The longterm smooth transition suggests a change of regimes over the IFP with a maximum to minimum variation of ϳ0.3 units of AOD. The total period can be broadly divided into two ϳ20 day periods (centered approximately March 1, but occurring more precisely about March 6), which we will hereafter identify as the "first" and "second" halves of the IFP. The changes in AOD are associated with a substantial change in the meteorology between the first and second halves of the IFP. Wind fields at three altitudes and the outgoing longwave radiation (OLR) for the first and second halves of the IFP are displayed in Figure 9 . The flow patterns in the Bay of Bengal are substantially different between the first and second half of the IFP; winds from the surface to 1 km are substantially stronger there during the first half of the IFP at 100 m, and the wind field suggests flow from the Calcutta/ Bangladesh region over Sri Lanka and into the Maldives. During the second half of the IFP a weaker anticyclonic flow is present at the surface that carries aerosol from the Calcutta/ Bangladesh source region more slowly, and it remains farther eastward before the flow turns south. A more important difference can be seen higher up (at 1 and 2.5 km); the flow from the west at 5-10N, apparent in the first half of the IFP shuts down in the second half. At 2.5 km the flow from the Calcutta/ Bangladesh region is quite similar during the two time periods over most of the domain, but again flow from Thailand, Borneo, and Asia is much weaker. Differences in flow patterns west of India in the Arabian Sea are much smaller.
The change in meteorology during this time period is also apparent in other fields. A noticeable change is apparent in the outgoing longwave radiation (OLR). Negative OLR anomalies (appearing as shaded contours in Figure 9 ) are indicative of thick, high, cold clouds that are usually associated with vigorous convection and precipitation in the tropics. The OLR anomalies are very weak during the first half of the IFP, and much stronger during the second half with a new minimum in OLR forming in the western part of the INDOEX domain.
The change in meteorological regime appears to be connected with the onset of an important transient meteorological feature of the tropics. This is the 30 -60 day atmospheric oscillation usually identified as the Madden Julian Oscillation (MJO) Julian, 1971, 1972; Knutson and Weickmann, 1987] . The feature is characterized by global-scale oscillations that show a large amplitude in the Indian Ocean in the tropical wind field and convection. The feature occurs throughout the year. Anomalies associated with the oscillation propagate eastward with a preferred period of 30 -60 days and a speed of 3-6 m/s in the Indian and western Pacific Oceans. Composites [Knutson and Weickmann, 1987] indicate that when clouds are located around 90E, westerly anomalies occur in the wind fields. As the feature moves farther eastward, the wind field reverts to easterlies. Figure 10 shows the OLR anomaly for the first part of 1999. During the first half of the IFP the INDOEX region had positive OLR anomalies, indicating a quiescent period in convection and precipitation. An active period of convection moves into the INDOEX region during the end of February, and convection is strong between The aerosol evolution itself is a consequence of the emissions, transport, and deposition processes, and thus the aerosol distributions are a convolution of the spatial distribution of all of these three processes. Plates 3 and 4 show the aerosol mass fluxes at three different altitudes (corresponding to the wind fields of Figure 9 ).
Plate 3 shows the mass fluxes of the carbonaceous aerosol. These mass fluxes highlight the aerosol distribution sensitivity to the meteorology. The patterns are quite different at the three altitudes, and the patterns change between the first and second half of the IFP. During the first half of the IFP, most of the outflow from the Indian continent occurs in the lowest 1 km. Two major outflow regions are evident. During the first half of the IFP near the surface, there is strong outflow from the Bombay region southward. Higher up, the outflow is dominated by emissions from the Calcutta/Bangladesh region. Flow moves across the Bay of Bengal, ending near the Maldives. The Bombay aerosol flows gradually south and west, near the surface distributing the aerosol over the eastern part of the South Arabian Sea. This flow pattern of aerosol is significantly different at 1 and 2.5 km, where the winds carry the aerosol westward off the south coast of India in significantly smaller quantities. Much of the mass transport by resolved scale winds over the oceans is downward (indicated by the blue shaded regions of the figure), due to subsidence. The tendency to trap the aerosol near the surface by this subsidence is opposed by the turbulence and boundary layer stratocumulus cloud systems which mix the aerosol upward.
This plume from the Calcutta region is deeper than the one from Bombay; very strong outflow occurs up to 1 km in altitude, and it is only slightly weaker at 2.5 km. After the plume reaches the center of the Bay of Bengal it intersects an Asian plume, which carries an approximately equal amount of aerosol across Thailand and into the Bay of Bengal. These two plumes combine near the surface and carry the aerosol around the southern tip of India, across Sri Lanka and over the Maldives. At 1-km altitude, part of the aerosol also flows across the south half of India (at about 10N) and the rest follows the surface plume to the Maldives. Aerosol outflow at 2.5 km is somewhat weaker, and the transport circulation is more strongly confined to the Indian continent (it does not extend so far into the Bay of Bengal). There is also significant westward outflow off the southwest coast of India at 2.5 km, but at this altitude, little aerosol reaches the Maldives.
The very clean area (indicated by the absence of arrows and solid regions) south of 3S is a result of the wet scavenging in that region. The pathway for the aerosol plume skirts the outside of the precipitating region.
The pattern changes in the second half of the IFP (Plate 3, right). The southward plume from Bombay is weaker at the surface, and the westward flow off the southwest coast of India at 2.5 km is stronger. The Asian plume from Borneo and Thailand has virtually disappeared, and the southwestward flow of carbon aerosol across the bay of Bengal is much weaker. On the other hand, the offshore transport of aerosol at 2.5 km is much stronger. More aerosol (albeit still small) is also able to penetrate into the Southern Hemisphere. Most of the strong transport of aerosol from the Calcutta/Bangladesh region occurs at the surface, and much of the aerosol continues eastward and out of the domain, rather than veering southward and westward. The mass flux of sulfate is quite similar and is not shown.
The mass fluxes of the dust aerosol (Plate 4) are substantially different from those of sulfate and carbon, reflecting their different source region. The mass flux is also much higher. The main source region to the ocean for the dust is from the region of Pakistan and northwestern corner of India. During the first half of the IFP the outflow is primarily at the surface. The southward moving plume is further west than that for sulfate and carbon. Much of the flux of aerosol near the source regions (Africa and Arabia) is actually along the coast, or onshore. There is also an outflow region near Calcutta and Bombay, from the surface to 1 km. During the second half of the IFP, the outflow occurs over a much deeper layer and is much stronger in the Arabian Sea. The transport of dust into the Southern Hemisphere is also much stronger. The ITCZ does not act as a very effective barrier to the interhemispheric transport of dust.
Time Variation at KCO
A plethora of measurements were made at and above the Kashhidhoo observatory (KCO) and at the airport during takeoff and landings of the aircraft at the Malé airport. These two locations are ϳ50 km apart (less than one gridbox), and we treat the measurements at these two locations as if they were colocated. The measurements indicated two characteristic aerosol profiles in this region: (1) an aerosol signature concentrated near the surface; (2) an aerosol plume (perhaps 500 m thick) located at a 2 or 3 km altitude, with a decrease in the aerosol nearer the surface (P. Sheridan, personal communication, 1999) . The elevated plume was seen frequently in many measured quantities (scattering and absorption coefficients). A time/height cross section for our estimated aerosol components at KCO is shown in Plate 5. The aerosol estimate from the assimilation is strongly concentrated in the lowest 2.5 km of the atmosphere. Occasional elevated plumes are located between 1 and 2 km in individual components in the time series (e.g., sulfate and dust at 1 km on February 20), but these elevated plumes occur very infrequently, and the model is probably missing this observed feature. There are at least two likely explanations for the assimilation procedure missing this feature.
1. The aerosol plumes were concentrated in relatively thin layers near the resolution of the model layers. Any feature near the model resolution will be very difficult to represent.
2. The wind fields responsible for the existence of the plume may not resolve the relevant meteorological features, or may deliver the plume farther to the north and west than actually occurred. Figures 6 and 10 do indicate strong offshore transport of aerosol across the southern part of India, moving west, particularly at 2.5 km, but the plume tends to reside further north than KCO.
We note that the current implementation of the assimilation procedure cannot strongly redistribute the aerosol mass in the vertical, because the observations (the AVHRR AOD) reflects the vertical integral of the aerosol distribution. Some other observational platform is required to allow a vertical redistribution of the aerosol (e.g., lidar).
A time series of the tagged radon species concentrations for KCO at the surface, 2.5 km, and for the vertical integral is displayed in Figure 11 . The time series for the two altitudes and the integral are not correlated, implying that the airmasses arriving at KCO undergo a significantly different evolution at each altitude. The virtual cutoff of the Asian source of air around the first of March in the vertically integrated airmass is consistent with the discussion surrounding Figures 8 and 10 and Plates 3 and 4. Near the surface, the dominant airmass is from India throughout the IFP. On the other hand, Figure 11 suggests that Indian, Asian, and rest of world air contributes to the vertical integral of the total airmass at KCO. Indian emissions are not the only important source region for the aerosols at KCO.
Summary and Conclusions
This paper interprets an aerosol analysis constructed from an aerosol assimilation procedure. The procedure produces a statement of the aerosol distribution and composition strongly constrained by observed aerosol distributions and observed meteorology but complete in space and time, with additional useful information provided by model physics. The assimilation procedure was successfully used during the INDOEX field program to forecast aerosol distributions, and subsequently (in this paper) to characterize, and help understand the evolution, processing and destiny of INDOEX aerosols. The product characterized the aerosol by mass, optical depth, region of origin, and chemical component over the INDOEX region (40 -100E, 10S-30N) for the time period of the intensive field phase (February 8 to March 22, 1999) .
We showed that the assimilation procedure accurately diagnoses AOD and surface concentrations of sulfate, carbon, and sea salt aerosol over a broad region of the Arabian Sea and the Bay of Bengal when compared with independent in situ measurements. The dust aerosol estimate at the surface is higher than measured in the field, and the bias between the aerosol analysis and observations indicate more work is required in modeling the dust distributions. Because the specific extinction for dust is significantly lower than for other species, it does not strongly impact the AOD measures away from the source region.
The aerosol analysis shows highest concentration over South East China, with a plume extending from there over Borneo and Thailand, continuing across the Bay of Bengal and into the Maldives. Secondary maxima are also evident over Bombay and the Calcutta/Bangladesh region. Air of Indian origin contributes most strongly to both the Arabian Sea and Bay of Bengal regions, but the Asian plume entering the domain at ϳ5-10N, 100E also plays an important role. Air from Arabia and the ROW plays a role in the northern Arabian Sea, but a lesser role in the southern Arabian Sea and Bay of Bengal. Two major outflow regions from India were revealed. One outflow region tends to be concentrated near the surface (the Figure 11 . Tagged radon concentrations at Kaashidhoo. lowest 1 km of the atmosphere), extending southward (and westward) from the Bombay region into the southeast Arabian Sea. The other plume is much deeper (2.5 km); air originating over Calcutta and Bangladesh extends south and east over the Bay of Bengal where it often merges with the Asian plume and moves south and west. The dominant contributor (ϳ36%) to the aerosol optical depth over the oceans is carbonaceous aerosol, followed by dust (31%) and sulfate (26%).
The aerosol budgets suggest that the assimilation source (the apparent source associated with the correction applied by the assimilation procedure) is smaller than all physical sources and sinks. The adjustment does not dominate the physical processes in the offline model. A total of 20 -30% of the carbon and sulfate produced in the INDOEX domain is exported from the region. Dry deposition is 50% stronger than wet deposition for carbonaceous aerosols. (The INDOEX winter monsoon regime is not a time of strong precipitation). The order is reversed for the sulfate aerosols, where wet deposition is twice as large as dry because sulfate aerosols are preferentially produced in cloudy regions (where the aqueous phase oxidation of SO 2 can take place), and also preferentially removed by cloud scavenging.
We calculate a residence time (burden over total sources or sinks) to be ϳ7 days for sulfate, and ϳ8 days for the carbon aerosols. This is significantly longer than the typical global estimates of less than ϳ5 days found in the comparisons of ϳ10 different models cited in the works of Rasch et al. [2000b Rasch et al. [ , 2000a . We believe this is because the very strong wet deposition sink located in the ITCZ is relatively remote from the aerosol source region. The sulfate undergoes a relatively slow production in which gas phase oxidation plays an important role (compared to other cloudier parts of the world), and dry deposition is an important sink. This observation has important implications for understanding anthropogenic contributions to aerosol forcing. Rasch et al. [2000a] showed that emission regions differ in their "sulfate potential"; that is, a kg of SO 2 emitted in one region can result in a higher sulfate aerosol mass than the same kilograms emitted in another region due to differences in their sources and proximity to sinks. The long residence times for sulfate and carbon aerosols suggest that India and SE Asia during the winter monsoon are regions where anthropogenic aerosols are easily formed, spread far, and persist longer than the global average. The aerosol impact can thus be particularly important in this region and season.
Radon-like tracers tagged by their region of origin allowed us to trace the transport of air parcels. India is the dominant source of air near the surface, but African, Asian and the rest of world were also found to be significant sources of air within the INDOEX region at higher altitudes.
We showed that a transition occurred in the flow fields during the INDOEX time period. Convection and high clouds were absent in much of the INDOEX domain prior to March 1. After that time the OLR field suggests convection was stronger in the eastern part of the INDOEX domain (90 -100E). These features were shown to be associated with the MaddenJulian Oscillation. We showed that the change in flow patterns associated with the MJO resulted in a virtual shutdown of the Asian plume and that the change in the aerosol distribution was independently detectable by EOF analysis of the aerosol optical depth in the aerosol product itself.
The reasonable agreement with independent in situ observations suggest that the aerosol analysis product will be useful in estimating the radiative forcing for the INDOEX region. A preliminary estimate of the aerosol radiative forcing is presented by Ramanathan et al. [2000] . A more detailed analysis is planned for the special edition mentioned in the introduction.
We are continuing to improve the analysis in a number of ways:
1. We hope to reduce the biases noted in our dust estimate. We believe that the biases are unlikely to be associated with the transport process itself, because the other aerosol species are well represented. It is more likely that the errors are attributable to representations of the mobilization, sedimentation, or deposition processes.
2. Although our characterization of total carbonaceous (TC) aerosol (organic matter (OM) ϩ elemental carbon (EC)) was shown to be quite reasonable, we believe our partitioning into the OM and EC component terms may be wrong (not shown). Huebert and Charlson [2000] argue that measurement of the partitioning between OM and EC is very uncertain, but current estimates provided by G. Shaw (not shown) suggest that the OM/EC ratio is approximately 1:1. Our estimate is closer to 5:1. Again, because the TC is quite accurate compared to observations it seems unlikely that the bias is attributable to transport or removal processes. It is more likely that the emission factors used to construct the emission inventories are wrong and that the partitioning of the inventories can be improved.
3. The analysis has a general lack of "elevated plumes" seen frequently in the observations. We believe this bias might be attributable to a lack of resolution in the model (the elevated plumes are approximately one model layer thick) or to biases in the processes or meteorology driving the model. We are actively working on assimilating lidar data, which should help in understanding the cause of the bias.
In spite of these biases, we believe the product is useful today and that the methodology provides perhaps the best current estimate of aerosols available in the world. We believe that one could not reproduce the in situ measurements of aerosol constituents using only the satellite data, or attribute the aerosols source regions so precisely; nor could one produce global (or even regional) estimates of aerosol optical depth from in situ measurements; one could not explain the transient aspects of the aerosol distribution without an offline CTM driven with analysed meteorological fields. It is very unlikely that a CTM driven without the assimilation procedure would be as consistent in spatial or temporal variation with satellite estimates of AOD, due to errors in the sources, sinks, and transport processes within the model. Our analysis procedure thus provides a synergy in information between the various tools available for understanding aerosol distributions. The assimilation is not the only correct way to understand aerosols, but it is a useful tool that puts together information in a unique way, and helps to understand aerosol evolution, and model biases. It is our intent to exploit this tool for a variety of problems in the near future.
